ABSTRACT Limited data are available for comparing light-emitting diode (LED) bulbs that are currently available in commercial broiler production facilities. We evaluated the effects of color temperatures (kelvin) of LED bulbs on growth performance, carcass characteristics, and ocular development indices of broilers grown to heavy weights (>3.0 kg). The experiment had a randomized complete block design. Four treatments consisted of 3 LED light bulbs (2,700 [warm LED]; 5,000 [cool LED 1]; and 5,000 K [cool LED 2]) and incandescent light (2,010 K [ICD], standard) from day zero to 56 d of age. A total of 960 Ross × Ross 708 dayold chicks were equally and randomly distributed into 16 environmentally controlled rooms at 50% RH (30 males and 30 females/room). Thus, each of the 4 treatments was represented by 4 rooms (4 replicates) per trial. Feed and water were provided ad libitum. All birds were fed the same diet. Ocular specimens were collected on d 42 for development and histopathologic examination. Blood samples were collected on d 21, 28, 42, and 56 to determine plasma corticosterone. On d 56, twenty birds from each room (10 males and 10 females) were processed to determine weights and yields. The BW and BW gain (BWG), live weight, and carcass weights of birds reared under cool LED 1 were different in comparison to birds reared under ICD (P < 0.05). However, feed intake (FI), feed conversion ratio (FCR), and mortality were not affected by treatments. The treatments did not affect fat, breast and tender weights, and yields. In addition, ocular development indices and plasma corticosterone concentrations were not affected by treatments, suggesting the LED light bulbs we evaluated did not compromise the welfare of the birds. It was concluded that cool LED 1 may be a better potential replacement light source in comparison to ICD on performance, but it may be equal when compared to other LED light sources examined in this study.
INTRODUCTION
Most governments around the world, including in the United States, have passed measures to phase out incandescent light bulbs for general lighting in favor of more energy-efficient lighting alternatives (Waide, 2010) . New regulations require poultry producers to cease using incandescent (ICD) bulbs because they are inefficient. In the United States, minimum lamp efficiency standards were amended to require a minimum luminous efficacy of 45 lm/W (EISA, 2007) , with established target dates for phase-out of current ICD bulb technology. Incandescent light in poultry hous-C 2015 Poultry Science Association Inc. Received July 21, 2014. Accepted October 18, 2014. 1 Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the USDA. 2 Corresponding author: hammed.olanrewaju@ars.usda.gov ing is well below the 45 lm/W threshold, at 12 to 14 lm/W (Campbell et al., 2010) . Many new lighting technologies are currently being developed as potential replacements for ICD light sources, including lightemitting diodes (LED), because they exceed efficiency requirements. The major benefits of these bulbs are high efficiency, long operating life, moisture resistance, and availability in differing peak wavelengths (Craford, 1985) . LED light sources are relatively new and potentially beneficial to poultry industries due to high efficiency, long life span, narrow spectrum, and lower energy cost. Although initial capital costs of LED light bulbs are higher for the poultry producer, LED lights use electricity more efficiently compared to traditional lighting, which will pay for the investment over time. LED lights usually have an average lifetime of 50,000 h and require less frequent replacement, thus reducing maintenance costs as compared with the short lifetime (1,000 h) of ICD bulbs. Literature regarding the application of LED technologies for broiler production is 338 Downloaded from https://academic.oup.com/ps/article-abstract/94/3/338/1524020 by guest on 03 January 2019 limited. Some poultry producers around the world, including in parts of the United States (Waide, 2010) , are now using LED bulbs of different wavelengths in poultry houses. There are conflicting reports of the impact of these LED light bulbs on bird performance, which may be due to the specific bulbs and their quality from different manufacturers. For instance, Karakaya et al. (2009) reported that although LED bulbs are available in a range of different colors, there are conflicting reports on the impact of different light colors on bird performance.
Birds' eyes are more sensitive to a broader spectrum than are human eyes because unlike humans' 3 visual cone cells, birds have 4 to 5 cone cells, including a double cone that allows them to see in the ultraviolet spectrum (Yoshizawa, 1992) . In addition, they also have 3 advanced light receptors within the brain that play a major role in biological and physiological functions. LED lamps have recently been studied for use in modern poultry husbandry (Rozenboim et al., 1999a,b; Cao et al., 2008) . In modern broiler production, blue, green, and red lights are being used for improved growth performance. It has been shown that blue and green monochromatic lights promoted growth and development in broilers in comparison to red and white lights (Rozenboim et al., 1999a,b; Cao et al., 2008) . Research indicated that when broilers were reared under green and blue lighting combination system, their BW and meat quality were better than that of birds reared under white light incandescent (Rozenboim et al., 2004; Karakaya et al., 2009 ). In addition, green light has been shown to promote growth during the early stage, while blue light enhanced growth during the later stage (Cao et al., , 2012 . However, studies have indicated that growth and productive performance were different when broilers were switched from green to blue and from blue to green (Cao et al., 2012; Karakaya et al., 2009; Rozenboim et al., 2004) . It has been reported that birds performed better when reared under red light, and feed conversion ratio (FCR) was not affected (Kim et al., 2012) . Similarly, it has been shown that birds reared under yellow light attained higher BW and BW gain (BWG) at 5 wk of age but did not demonstrate improved FCR (Kim et al., 2013) .
It is well known that lighting programs can affect many aspects of avian physiology, welfare, and behavior, including skeletal systems, blood chemistry, blood gases, ocular development, and behavioral rhythms (Nelson and Demas, 1997; Reiter, 2003; Olanrewaju et al., 2006) . Manipulation of normal light perception in birds has been shown to be associated with several eye conditions, including avian glaucoma (Jensen and Matson, 1957) and avian macrophthalmos (Berkovitz et al., 1972; Lauber and Kinnear, 1979) . It has been reported that blue light has a calming effect, red light reduces feather pecking and cannibalism, orange-red light stimulates reproduction, and blue-green light stimulates growth (Rozenboim et al., 1999a (Rozenboim et al., ,b, 2004 . Green and blue LEDs enhance cellular and humoral immune responses in broilers . Although the effects of lighting, particularly photoperiod and light intensities, on poultry production and welfare are well understood, knowledge of the effects of LED light bulbs on broiler production, carcass characteristics, and ocular development are shallow by comparison. The research is limited on growth performance responses in broiler chickens grown to heavy weights in LED light sources to ensure optimum production efficiencies, reduce electricity consumption, and improve bird health and welfare. Also, there is little knowledge about how these LED bulbs from different manufacturers compare in terms of growth performance and carcass characteristics of broilers grown to heavy weights (>3.2 kg). Therefore, the objective of this study was to compare the effects of LED light bulbs, especially cool LED light bulbs from different manufacturers, along with warm LED and incandescent light bulbs, on growth performance, carcass characteristics, and ocular development indices of broilers grown to heavy weights.
MATERIALS AND METHODS

Bird Husbandry
In each of 2 trials, 960 day-old Ross × Ross 708 chicks were purchased from a commercial hatchery and upon arrival, the chicks were sexed, group-weighed, and randomly distributed into 16 environmentally controlled rooms. The 16 rooms were randomly assigned to 4 treatments with 4 replicates per treatment. Each environmentally controlled room had a floor area of 6 m 2 (42 kg/m 2 ), with a room volume of 15.3 m 3 (2.5 m height). Chicks were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis at the hatchery. At 12 d of age, birds received a Gumboro vaccination via water administration. Each room contained approximately 7.62 cm depth of fresh pine shavings, tube feeders, and a 7-nipple watering system. The chicks remained in their respective rooms through the experimental period (1 to 56 d of age). Birds were provided a 4-phase feeding program (starter: 1 to 14 d; grower: 15 to 28 d; finisher: 29 to 42 d; withdrawal: 43 to 56 d). Diets were formulated to meet or exceed NRC (1994) nutrient recommendations for each feeding phase. Starter feed was provided as crumbles, and subsequent feed was provided as whole pellets. Feed and water were offered ad libitum. Temperature and RH on d 1 were maintained at 32 ± 1.1
• C and 50 ± 5%, respectively, and were held constant across all treatments. Temperature was decreased by 2
• C/wk until it reached 15.6
• C when the chickens were 49 d of age.
Experimental Treatments
The . Warm LED and cool LED 2 light bulbs were purchased from Green Watt (Carrollton, TX), and filtered cool LED 1 light bulbs made specifically for poultry were purchased from Once-Innovation Agrishif (Plymouth, MN). The light sources were adjusted to equal intensity according to the spectral sensitivity of broilers (Prescott and Wathes, 1999) . Figure 1 shows the light spectra of the LED and ICD bulbs utilized in this study. Light intensity settings were verified from the center and 4 corners of each room at bird level (30 cm) using a photometric sensor with National Institute of Standards and Technology-Traceable calibration (403125, Extech Instruments, Waltham, MA) for each intensity adjustment. The light bulbs were cleaned weekly to minimize dust buildup that could reduce the intensity.
Measurements
Birds and feed were weighed on 0, 14, 28, 42, and 56 d for the computation of growth rate and feed consumption. The incidence of mortality was recorded daily. Body weight and feed intake (FI) were recorded from each room at biweekly intervals. Biweekly BW gain (BWG) was then calculated by subtracting the weight recorded at the end of the previous biweek from the current weight of the birds. Feed conversion ratio (FCR) was then calculated by dividing FI by BWG, and FCR was corrected for mortality. Necropsies were performed and cause of death (when determined) was recorded for all birds that died during the trials.
Ocular Development and Histopathologic Examination
At 42 d, 6 birds (3 males and 3 females) from each room were weighed individually, and ocular assessments were performed as described previously (Olanrewaju et al., 2014b) . Briefly, birds were euthanatized by cervical dislocation according to U.S. Department of Agriculture (USDA) Animal Care and Ethics Committee for blood sampling and organ collection procedures. The right eyeball was dissected out, trimmed of extraneous tissue, and weighed to the nearest 0.01 g. Assuming bilateral symmetry, only the right eye was excised, and its weight was doubled to give an estimate of total eye weight. Then the total eye weight to BW ratio was calculated. The dissected right eyeball was placed in 10% buffered formalin to assess for gross anatomical anomalies, and histopathological evaluation was performed by a veterinary pathologist using the Kristensen (1948) method. Briefly, after fixing for at least 72 h in formalin, the eyes were placed in Kristensen decalcifying solution (1:1 mixture of 8 N formic acid and 1 N sodium formate) for 3 d. Two sections were prepared from each eye as follows. The eye was held in a normal postural position and cut vertically approximately 4 mm lateral to the center of the cornea. A second cut was made through the center of the cornea, and a third cut was made approximately 4 mm medial to the center of the cornea. All cuts were made completely through the eye. The 2 trimmed sections were placed in a single cassette such that the center of the cornea was face-down for each section. Following this, the cassettes were washed in gently running water for 24 h to remove residual acid and then placed in 10% buffered neutral formalin until they were processed. All tissues were processed routinely, embedded in paraffin, sectioned at 6 μm, and stained with hematoxylin and eosin. The examining pathologist was unaware of bird treatment origin. The iris and ciliary body were scored for the presence (+) or absence (-) of heterophils, diffuse lymphocytic infiltrates, and nodular lymphocytic infiltrates. In addition, the presence (+) or absence (−) of increased cellularity along the rostral surface of the iris was noted, and the corneal epithelium was scored for the presence (+) or absence (−) of ulceration.
Blood Collection and Chemical Analyses
Blood samples were collected on d 21, 28, 42, and 56 between 8:00 and 9:00 AM on each sampling day from the wing vein of 6 randomly selected chickens from each room (3 males and 3 females). Subsequent to venipuncture, the birds were returned to the appropriate rooms (Olanrewaju et al., 2008) . Throughout, unnecessary discomfort to the birds was avoided by using proper housing and handling techniques, as described by the NRC (1996). Blood samples were collected directly into heparinized (50 IU/mL) monovette syringes. All bleedings were completed within 45 s after birds were caught. After all birds were bled, the iced samples were transferred to the laboratory and centrifuged at 4,000 × g for 20 min at 4 • C. From each syringe, a 2 mL plasma sample was stored in 2.5 mL graduated tubes at −20
• C for later chemical analyses in which the samples were removed from the freezer, thawed, and analyzed for corticosterone using a universal microplate spectrophotometer (Bio-Tek Instruments Inc., Winooski, VT) with ELISA reagent assay test kits (EIA-CS Kit, Assay Designs Inc., Ann Arbor, MI), according to the manufacturer's instructions.
Production Evaluation
On d 56, after being subjected to a 12 h overnight feed withdrawal period, 20 birds per room (10 males and 10 females) were randomly selected for weighing and processing. This live weight (following feed withdrawal) was used to calculate whole carcass yield. Thereafter, the birds were placed in coops and transported to the poultry processing plant. Birds were electrically stunned, bled, scalded, mechanically picked, and mechanically eviscerated. Whole hot carcass (without neck, giblets, or abdominal fat pad) and abdominal fat pad (including leaf fat surrounding the cloaca and gizzard) were weighed. Carcasses were then split into front and back halves and placed on ice for 4 h. After chilling, the front halves were deboned to obtain weights of skinless, boneless breast fillets (pectoralis major muscle) and breast tenders (pectoralis minor muscle). For each bird, abdominal fat pad and total body muscle yield (sum of pectoralis major and minor muscles) were determined from the sum of the fillet weight and tender weight.
Statistical Analysis
The experiment had a randomized complete block design, and room was considered the experimental unit. Rooms used were switched within trials to remove room effects. Two trials were conducted, with 4 replicates per trial. All mortality data were subjected to arcsine transformation. The histopathologic eye tissue evaluations (presented as percentage of occurrence in Table 5 ) required arcsine transformation before analysis. For each of the eye structure tissues, the presence or absence of lymphocytic or heterophilic infiltrates in the iris and ciliary body was given as a positive or negative score. If the number of samples with a positive score was 3 out of 4 for a particular treatment, the percentage of occurrence was 75%. Analyses were conducted using PROC MIXED (SAS Institute, 2010) . Means comparisons were assessed by least significant differences, and the level of significance was fixed at P < 0.05 unless otherwise stated.
RESULTS
The effects of LED light bulbs in comparison with ICD light bulbs on BW and BWG of broiler chickens grown to heavy weights are presented in Table 1 . During the study period (1 to 56 d of age), cool LED 1 showed an effect on BW on d 42 (P = 0.034) and d 56 (P = 0.000) in comparison with ICD light bulbs. Similarly, cool LED 1 showed an effect on BWG on d 42 (P = 0.039) and d 56 (P = 0.000) in comparison with ICD light bulbs. There was no difference between LED light bulbs examined in this study. In addition, there was no difference among ICD, warm LED, and cool LED 2 light bulbs in their effect on BW and BWG. a-b Means within a column and effect that lack common superscripts differ significantly (P ≤ 0.05). 1 Carcass without giblets, neck, and abdominal fat is expressed as a percentage of live weight, while pectoralis major and minor, breast muscles and abdominal fat are expressed as a percentage of carcass weight.
2 Pooled SEM for effects (n = 8). Moreover, there was no treatment effect on cumulative FI and cumulative FCR data, as presented in Table 1 . The influence of LED light bulbs and ICD light bulbs on live weight, carcass characteristics, fat, and yields of broilers at 56 d of age are presented in Table 2 . Cool LED 1 light bulbs showed higher live weight in comparison with ICD light bulbs (P = 0.019). However, there was no difference between LED light bulbs examined, and there was no difference in treatment effect between ICD, warm LED, and cool LED 2 light bulbs on live weight. Cool LED 1 light bulbs showed higher carcass weight in comparison with ICD light bulbs (P = 0.000). There was no difference between LED light bulbs examined, and ICD, warm LED, and cool LED 2 light bulbs did not affect carcass weight. Light treatments did not affect carcass yield, fat weight, fillet weight, tender weight, or yields, as presented in Table 2 . Most of the examined parameters were influenced by sex. As presented in Table 3 , treatments did not affect mortality. As shown in Table 4 , treatments did not affect plasma corticosterone concentrations.
Light treatments affected live weight, eye weight, and the ratio of eye weight to live BW from 1 to 42 d, as summarized in Table 5 . Treatments did not affect live weight or the ratio of eye weight to live BW, indicating that eye weight was directly proportional to live BW. Table 6 presents histopathologic data addressing how light treatments affected rostral surface, lymphocytes, and heterophils in the iris stroma and ciliary body of broiler chickens. There was no statistical difference between treatments on iris and ciliary body lymphocytic and heterophilic infiltrates.
DISCUSSION
The present study examined the effects of different LED light bulbs in comparison with ICD light bulbs on growth performance, carcass characteristics, and ocular development indices of broilers grown to heavy weights. The results indicate no significant difference among the 3 LED bulbs on all examined parameters. Treatments affected production performance (BW, BWG, live weight, carcass weight); only birds reared under cool LED 1 differed from birds reared under ICD. This study agrees with other studies that documented that ICD light sources may be replaced with modern energy-efficient light sources without adverse effects on broiler growth performance (Zimmermann, 1988; Leighton et al., 1989) . Furthermore, LED light bulbs have been studied for use in modern poultry husbandry without a negative impact on poultry performances (Halevy et al., 1998; Rozenboim et al., 1989 Rozenboim et al., , 1999 Cao et al., 2008) . In addition, results of the present study agree with those of Goldflus (1994) , who found that light source (LED vs. compact fluorescent lamps [CFL]) alone did not significantly influence bird performance. Moreover, FI and FCR were not influenced by treatments in the present study. This is in agreement with Mendes et al. (2013) , who found that light source (LED vs. CFL) did not affect birds' FCR and who implied that LED bulbs resulted in better performance with the same FCR as seen in birds raised under ICD. The mortality rate was not statistically different among treatments. These results agree with those of other studies in which light source (LED vs. CFL) alone did not significantly influence mortality rate (Goldflus, 1994) . Considering poultry welfare, treatments did not affect plasma corticosterone concentrations, suggesting an absence of physiological stress.
It is known that lighting programs can affect many aspects of avian physiology, welfare, and behavior, including skeletal response, blood chemistry, blood gases, ocular development, and behavioral rhythms (Nelson and Demas, 1997; Reiter, 2003; Olanrewaju et al., 2006) . Although there are conflicting reports on the effects of lighting programs on the ocular development of birds, the present results indicate that eye weights of birds reared under LED and ICD light bulbs are proportional to their BW. In addition, treatments did not affect histopathological data, suggesting that LED light bulbs have no negative effect on the ocular development of modern broilers grown to heavy weights, which agrees with our recent finding (Olanrewaju et al., 2014a) .
In conclusion, these results indicate no significant difference among the 3 LED bulbs on all examined broilers' growth performance and carcass characteristic variables. The overall production parameters examined in the ICD light group (BW, BWG, live weight, carcass weight) were statistically similar to warm LED and cool LED 2 but were statistically lower than those of cool LED 1. Treatments did not affect mortality, plasma corticosterone levels, or ocular development indices. Based on the results of this study, LED light has a beneficial impact on broilers grown to heavy weights. This study shows that the 3 LED light bulbs evaluated in this study could be a better alternative light source than ICD light 3 Indicates the presence of lymphocytes in the iris stroma or ciliary body but does not include lymphocytes that may be present in a nodular aggregate. There were no observations of nodular aggregates of lymphocytes in the iris or ciliary body. 4 Indicates the presence of heterophils in the iris stroma or ciliary body. 5 Pooled SEM for effects (n = 8).
bulbs for commercial poultry facilities to reduce energy use without inducing physiological stress in broilers.
